Abstract Changes in climate and land cover are among the principal variables affecting watershed hydrology. This paper uses a cell-based model to examine the hydrologic impacts of climate and land-cover changes in the semi-arid Lower Virgin River (LVR) watershed located upstream of Lake Mead, Nevada, USA. The cell-based model is developed by considering direct runoff based on the Soil Conservation Service -Curve Number (SCS-CN) method and surplus runoff based on the Thornthwaite water balance theory. After calibration and validation, the model is used to predict LVR discharge under future climate and land-cover changes. The hydrologic simulation results reveal climate change as the dominant factor and land-cover change as a secondary factor in regulating future river discharge. The combined effects of climate and land-cover changes will slightly increase river discharge in summer but substantially decrease discharge in winter. This impact on water resources deserves attention in climate change adaptation planning.
INTRODUCTION
The hydrologic changes in a watershed are influenced by multiple factors, including climate, land cover, soil, and geographic terrain. Climate change and global warming can affect watershed hydrology. Land-cover change, in terms of vegetation density and vegetation type, can also exacerbate the climate change impacts, affecting the surface runoff, streamflow, and water quality in receiving water (Tong et al. 2012) . With population growth and urban development, demands for freshwater are growing at a rapid rate, but clean water supplies are becoming scarce in many regions. Hence, there is an urgent need for water availability forecasting and adaptive sustainable management. An essential first step is a quantitative assessment of the hydrologic impacts of future climate and land-cover changes.
A number of published studies have explored ways to quantify the water balance and the hydrologic response to climate change or land-cover/landuse change in a watershed. The complexities in such modeling have been examined (e.g. Leavesley 1994 , Bronstert et al. 2002 , Legesse et al. 2003 . Some studies are based on classical hydrologic models, such as the Variable Infiltration Capacity model for river basins (Liang et al. 1994 , 1996 , Christensen et al. 2004 , that investigate the hydrologic balance between rainfall, evapotranspiration, and total surface runoff. Mohammed and Tarboton (2008) used a Water Balance Sensitivity model to examine the hydrologic impacts of land and watershed management in Utah, USA. They found that land-cover and land-use changes, such as afforestation, deforestation, agricultural, urban, industrial, and mining developments, had significant impacts on the quantity and quality of surface runoff. Jayakrishnan et al. (2005) used the Soil Water Assessment Tool (SWAT) developed by the Agricultural Research Service (ARS) of the United States Department of Agriculture (USDA) to quantitatively analyse floods, water quality, and total maximum daily loads (TMDL) in four different watersheds around the world. Parajuli and Ouyang (2013) have reviewed other watershed-scale hydrologic models and their applications; such models include the Annualized Agricultural Non-Point Source model (AnnAGNPS) (Cronshey and Theurer 1998) , the Water Erosion Prediction Project (WEPP) (Flanagan et al. 2001) , and Groundwater Loading Effects of Agricultural Management Systems (GLEAMS) (Leonard and Knisel 1988) .
Model parameterization in watershed hydrologic simulation is a fundamental yet challenging step, particularly for a semi-arid region experiencing climate and land-cover changes. The challenge stems from the convective precipitation of high spatiotemporal heterogeneity, the chronic soil moisture deficit, as well as the sparse vegetation cover (Hogue et al. 2005) . The unique physical conditions make it difficult for existing models to define hydrological parameters and capture the spatial variability of hydrologic processes. However, many existing models are more suitable for watersheds of less environmental heterogeneity. Some are more appropriate for an urbanized watershed or for a cool-temperate environment, while others are designed for analysing water quality rather than water quantity. Some models have other disadvantages. For example, the semidistributed river basin model SWAT is a robust model capable of predicting the long-term impacts of various land-cover and land-use management practices. It can simultaneously simulate many aspects of hydrologic processes, such as precipitation, infiltration, surface runoff, evapotranspiration, and lateral flow, at a daily time step (Saleh 2009 ). But, it requires a large number of input parameters and complicated and tedious model parameterization and calibration (Arnold et al. 2012) . Another model, the Hydrologic Simulation Program-Fortran, (HSPF) (Bicknell et al. 2001) , is a comprehensive and dynamic watershed-scale model for surface flow and water quality simulation. However, it does not adequately address the hydrologic effects of vegetation type and density, nor the moisture characteristics of the soil layer that are important in simulating evapotranspiration from the lower storage zone in semi-arid regions (Singh et al. 2005) .
In comparison, cell-based hydrologic modeling is simpler. It uses the advantages of GIS in model parameterization at high spatial and time resolutions. The spatial features of the watershed hydrologic variables and their attribute data derived from map layers of land use/land cover, digital elevation models (DEM), and soil are stored in separate multiple spatial layers. As such, a cell-based hydrologic model considers the spatial character of each parameter in controlling the hydrologic response to a rainfall event (Morin et al. 2006) . Moreover, with the recent advances in computer capabilities, the cell size can be refined to capture precipitation and land-cover variability. By processing these data, the hydrologic model may be able to analyse watershed hydrology, describing the hydrologic impacts of individual or multiple factors and providing a realistic and effective simulation of the future hydrologic conditions. This paper describes cell-based hydrologic simulation for a watershed in the semi-arid American southwest, the Lower Virgin River (LVR) watershed. The primary objective is to predict the total surface runoff and river discharge in this semi-arid watershed under the impending changes in climate and land cover, and to ascertain the hydrologic impacts of these changes individually and in tandem.
STUDY AREA

The Lower Virgin River watershed and Lake Mead
The semi-arid LVR watershed ( Fig. 1) is located within the states of Utah, Arizona, and Nevada, USA. It covers the lowest reach of the Virgin River (the unique hydrologic unit code number, HUC, is 15010010) just north and upstream of Lake Mead. The LVR discharges directly into Lake Mead. As the largest human-made reservoir in the USA, Lake Mead is an indispensable source of freshwater supply for millions of people in the American southwest, providing 90% of the freshwater supply for the Las Vegas metropolitan area. During the past few years, partly due to a relatively higher temperature and a lower amount of precipitation, the water level in Lake Mead has dropped significantly. The water budget analysis conducted by Barnett and Pierce (2008) shows that with the current operating status of the reservoir system, rate of consumption, natural climate variability, as well as the anticipated climate change, there will be a 50% chance that the water will be depleted by 2021 if no changes in water allocation from the Colorado River system are made. Decrease in the water volume of Lake Mead has been evident since 1999 ( Fig. 2(a) However, the amount of water dropped sharply from 1998 to 2010 (from 30.79 to 13.27 km 3 ). While the water level in Lake Mead has been decreasing, the water demand has increased. Unequivocally, any future climate change, in terms of persistent drought, and land-cover change will affect not only the hydrology of the LVR watershed but also the water level in Lake Mead, thereby decreasing the freshwater supplies to the American southwest (Megdal 2009) . A first step for assessing sustainable water usage is a better understanding of the future hydrologic conditions of the LVR watershed and the possible hydrologic impacts of climate change and land-cover change.
Soil
Soil has a predominant role in watershed hydrology. In this study, the spatial distribution of soil types and textures are abstracted from the USDA State Soil Geographic (STATSGO) database (Schwarz and Alexander 1995) . In the LVR watershed, the majority of the soil (79.93%) is classified as gravel and gravelly soils (Table 1) .
Land-cover change
To analyse the effects of land-cover change on the hydrology of LVR watershed, vegetation data are abstracted from the US Geological Survey (USGS) National Land Cover Database (NLCD). As shown in Table 2 , the most common land-cover type in the watershed is scrub/shrub (76%), and the second most common is evergreen forest (13%). In recent decades, there has been a significant change in land-cover types. This change is found to be mainly caused by deforestation and wildfires. By comparing the map of the 2001-2011 fire locations ( Fig. 1) with the 2001 and 2006 NLCD landcover maps (Fig. 3) , it is apparent that the highdensity land-cover type (forest and shrub/scrub) has been replaced by the low-density land-cover type (grassland/herbaceous) and some is now barren land. Undoubtedly, land-cover change can affect micro-climate, such as temperature and precipitation regimes, and fire occurrences. In this study, not all of these factors are considered in the development of the cell-based model because of the lack of climate and fire data at fine temporal and spatial resolution.
Climate change
Climate change is another factor influencing the hydrology in the LVR watershed. Figure 4 shows the terrestrial annual average air temperature abstracted from the National Aeronautics and Space Administration (NASA) meta-data set. This study uses its 1950-2010 Seasonal to Inter-annual Earth Science Information Partner (SIESIP) data at 113.75°W, 37.25°N, the nearest climate station to the LVR watershed (http://gcmd.nasa.gov/records/ GCMD_SIESIP_DATA_GSFC_GMU.html).
In the LVR watershed, the average annual temperature is 12.8°C (Fig. 4) . The lowest temperature occurred in 1979 (10.9°C). From 1991 to 1996, the average annual temperature climbed from the second lowest point to its highest 15.1°C. From 2000 to 2010, the annual temperature stayed around 13.0 to 14.4°C, which was higher than the historical annual temperature (12.8°C). Precipitation in the LVR watershed is also very variable with no clear trend for the past 50 years.
The majority of studies on future climate suggest that a warmer climate is expected. This will shift the timing of snowmelt to earlier in the year (Christensen et al. 2004 , Regonda et al. 2005 , IPCC 2007 , causing water shortage during the dry summer months (Dawadi and Ahmad 2012) . However, the hydrologic effects can differ from region to region. According to Belnap and Campbell (2011) , in the American Southwest, current climate models predict that by 2100, temperature will increase by as much as 5°C.
Together with the associated increases in evapotranspiration and reductions in precipitation, the river runoff in the Colorado River Basin could decrease by 20%. The average soil moisture conditions in the southwest may be lower than the conditions experienced during any of the most severe droughts of this century. Hence, it is very likely that future climate change will affect the hydrologic conditions in the LVR watershed. Belnap and Campbell also state that other human disturbances, such as those related to land use and resource management, can further contribute to reduced total and late season water supplies in the American Southwest. The change in water quantity and quality can create multiple natural resource management and policy issues, affecting reservoir operations and water delivery (Belnap and Campbell 2011) . Thus, the challenge for the water resource managers of the region is to characterize climate and other hydrologic variables that impact the discharge of the LVR to Lake Mead. In this study, we evaluate the relative effects of different factors controlling water replenishment to Lake Mead and lay the groundwork in estimating the amount of water that will be discharged from the LVR to the reservoir under future climate and landcover changes. To accomplish this task, we have developed a cell-based hydrologic model. With slight modifications, we may be able to apply the model to other areas of the arid Southwest.
METHODS
Development of the cell-based model
In this research, we have developed a cell-based model which can be used to simulate the hydrologic response and to identify the controlling hydrologic factors in the LVR watershed. Figure 5 (a) shows the framework for the development of this cell-based model. The semi-arid LVR watershed is divided into cells of 500 m × 500 m. Each cell is the smallest unit in the model for simulation and spatial attributes measurement. Other hydrologic and environmental variables, including soil, digital elevation, as well as the present and future climate and land-cover data, are re-sampled to match this spatial resolution. Syed (1999) asserts that spatial resolution plays an important role in how hydrologic features and parameters are modeled. However, in the study of the influence of topography on water resources modeling, Garbrecht and Martz (1999) found that spatial resolution plays a lesser role when estimating the volume of water than estimating the peak flow. Because our research focus is to estimate flow volume, a spatial resolution of 500 m × 500 m is judged sufficient to estimate relevant changes in flow volume over the modeled time interval while also minimizing computational time.
To develop the cell-based model for the LVR watershed, several GIS data layers are needed. These data are imported into the cell-based model. As such, each of the cells in the model contains spatial information of each environmental variable that affects the generation of surplus runoff. These variables, including (i) rainfall intensity (mm/h), (ii) rainfall amount (mm), (iii) land cover (according to NLCD land-cover classification), (iv) pervious and impervious land cover (%), (v) soil moisture (according to USDA STATSGO soil database), (vi) gradient of slope (degree), and (vii) air temperature (°C), are used in the simulation of the hydrologic conditions in each cell.
Spatial interpolation of climate data
In the LVR watershed, there are 15 stations with available monthly precipitation data and 13 stations with monthly temperature data. But the climate data are in a point format. In order to create a continuous surface layer of climate information for the study area, the available monthly temperature and precipitation data for all NOAA climate stations are first downloaded from the website (NOAA 2007 (NOAA -2011 . Then the climate data are desegregated into a continuous surface using ordinary kriging (Goovaerts 2000) for spatial interpolation from point measurements (Baldridge et al. 2004) . By comparing the results of the relative root mean square errors (RMSE) of ordinary kriging with other methods, such as the Thiessen polygon (Thiessen 1911) , inverse distance weighting (IDW) (Shepard 1968) , and isohyetal methods (McCuen 1998), Mair and Fares (2011) found that the ordinary kriging interpolation method outperforms the other approaches in estimating areal rainfall data from point data and produces less prediction errors. Based on this result, the ordinary kriging method is employed in this research to interpolate the monthly climatic data in a continuous surface raster format from 2007 to 2010.
Conceptual framework for calculating total surface runoff
Underpinning the cell-based hydrologic model are the concepts of water balance and total surface runoff. The procedures established by Thornthwaite and Mather (1957) and the Soil Conservation ServiceCurve Number (SCS-CN) method (Mishra and Singh 2003) are used to define the rules governing the behaviour of each individual cell as well as the interactions of each cell with its neighboring cells. Using the framework of the Thornthwaite water balance model, a real-time step-by-step calculation is performed to compute the amount of water infiltration, soil retention, and surplus runoff in each cell. Direct runoff is the surface overland flow during storm events. It is an important component in the calculation of water balance in the semi-arid southwestern USA because of the high intensity and shortduration storms. To account for the effects of these rainstorms, in this cell model the Thornthwaite water balance model is modified by incorporating the SCS-CN method to simulate the amount of direct runoff. The surplus runoff and the direct runoff are combined together as the total surface runoff (Fig. 5(b) ).
Thornthwaite model for surplus runoff
The Thornthwaite water balance model (Thornthwaite and Mather 1957) employs average monthly precipitation data to calculate the hydrologic inflows, storages, and outflows in a watershed. It captures the water balance and provides a simple and concise view of the overall and seasonal variations of the moisture environment within a watershed (Ferguson 1996) .
As precipitation reaches the ground, a portion of it will infiltrate into the soil, some will be lost through evapotranspiration, and the rest becomes surplus surface runoff (Fig. 6) . By comparing the amount of precipitation with evapotranspiration, the magnitude of the water surplus and surface runoff can be determined (Brutsaert 2005) . To compute the water balance at the LVR watershed, the soil and land-cover data are first used to generate information on the water holding capacity and the surplus runoff for a specific depth of soil. Studies have shown that for large watersheds, only about 50% of the surplus water available for runoff will actually become runoff (Thornthwaite and Mather 1957) . Thus, after the values of direct runoff (DRO) and moisture surplus (S) are determined, the surface water runoff (RO) can be computed by the following equation:
3.3.2 Direct runoff computation using the SCS-CN method In the Thornthwaite water balance model, the direct runoff is subtracted directly from rainfall, and the remaining amount of water infiltrates into the soil and participates in soil storage and evapotranspiration. Although in some studies the effects of direct runoff in the overall calculation of water balance can be minimal and can be treated as an optional refinement of the calculation, in other cases it can be a significant component in the water balance analysis. This is especially the case in hot and semi-arid areas (Ferguson 1996) . Any removal of vegetation, or change from high density to low density vegetation can compact soil, which in turn can drastically increase the runoff coefficient and the amount of direct runoff. However, in the original Thornthwaite water balance model, the impacts of different types of land cover under different climatic conditions on the direct runoff are not considered. Instead, a direct runoff factor, which is generally set as 5% of the precipitation, is applied to obtain the direct runoff. For this reason, this cell-based model incorporates the SCS-CN method to postulate the effects of vegetation change on direct runoff and the water balance in the hot and semi-arid LVR watershed.
The SCS-CN method sets a CN to characterize a given soil cover. The value of CN ranges theoretically from 0 to 100. In this study, the CN number for each different soil moisture condition and land-cover type is selected from the curve number database provided by Westenbroek et al. (2010) . By considering the hydrologic impacts of land-use and landcover change, the SCS-CN method has been shown to improve the accuracy of the water balance analysis (Mishra and Singh 2003) . Ferguson (1996) conducted a study of Phoenix in Arizona, approx. 450 km south of the LVR watershed. Instead of using the original SCS-CN formulation to estimate direct runoff for a 24 h rain event, as in Mishra and Singh (2003) , he adapted it for monthly calculation (shown in equation (2) below). His results show that the monthly precipitation formulation can satisfactorily describe the surface streamflows.
where S is the potential maximum retention after runoff begins (mm), P is the monthly precipitation (mm), Q is the monthly direct runoff (mm), and k, a and b are empirical constants. Under different climatic conditions, the effects and the interplay of various hydrologic factors can be different. In Ferguson's study, the empirical constants of k, a and b used in the monthly SCS-CN equations to calculate the direct runoff in Phoenix are set as follows (Ferguson 1996 
Because the semi-arid Mediterranean climatic regimes and hydrologic conditions of Phoenix and the neighbouring LVR watershed are very similar, it is assumed that both watersheds have similar model parameters. Thus, equation (2) with the parameter set for Phoenix are used in the cell-based model to estimate the direct runoff for each cell in the LVR watershed.
Soil moisture estimation
Since the cell-based model simulates the average monthly hydrologic condition in the LVR watershed, it is more appropriate to use the months with more consistent soil moisture and climate conditions so as to minimize the influence of extreme climatic conditions. To this end, each water year is divided into the wet period (December, January, and February) and the dry period (June, July, and August) as the Mediterranean climate has humid winters and semiarid summers. Given that the amount of precipitation that has fallen in the previous five-day period affects the soil moisture conditions, the curve numbers are adjusted depending on how much precipitation has occurred in the previous five-day period. In this study, the months of the dormant season (1 December-28 February) and growing season (1 March-30 November) observed in Phoenix (Ferguson 1996) are used as a reference to determine the degree of soil wetness and the respective CN values. Table 3 lists three classes of moisture conditions for the antecedent runoff conditions: I, II, and III. The antecedent runoff condition II represents the average rainfallrunoff relation for moderate soil moisture conditions. When soils are nearly saturated, as in antecedent runoff condition III, the curve number for a grid cell is adjusted upward from antecedent runoff condition II to account for the generally higher runoff amounts observed when precipitation falls on saturated soil (Mishra and Singh 2003) : Table 4 shows the amounts of precipitation in the preceding five days of every day in each month within the 95% confidence intervals. The CN-III and CN-I soil moisture conditions prevail in the winter dormant season and the summer growing season, respectively. In our cell-based model, different CN values are therefore used for the wet period and the dry period.
Determination of the flow direction in each cell
In this cell-based model, the total surface runoff of each cell is the combination of direct runoff and surplus runoff. It will flow from the cell at a higher elevation to a neighbouring cell of lower elevation and congregate in the low lying area as a stream or river. As such, the terrain and gravity are considered as the key factors governing the movement of water from one cell to another. The flow direction is determined using a neighbourhood function following the Deterministic 8 (D8) model (O'Callaghan and Mark 1984) . In each cell, the total surface runoff is routed to the next cell according to the differences in elevation between the cell and the direction of the steepest slope. After detecting and eliminating the sinks, this model calculates the eight possible flow directions relating to the eight adjacent cells into which flow can travel. The flow accumulation of the next cell can then be simulated by combining the total surface runoff of that cell with the flow inputs from the neighbouring cells. This process will repeat from cell to cell until the flow reaches the lowest pour point of the watershed and discharges at the outlet of the LVR, for which streamgaged data are available for model calibration.
The impacts of dams in the hydrologic response of LVR
In the semi-arid LVR watershed, precipitation is highly variable. The heavy summer rainstorms produce excessive direct runoff, thereby contributing to a large fraction of the total monthly river discharge. In the study area, dams have been erected for water resource management and flood control. Dams can affect watershed hydrology and so have to be considered in model development and calibration. Based on the National Atlas of the United States (National Atlas 2006), there are three major dams in the LVR watershed. Only the Windmill Wash Detention Basin dam is used for flood control and storm water management. However, there are no existing operation data for the Windmill Wash Detention Basin (USDOI 2009 (USDOI -2013 . To estimate the average amount of the total water release from Windmill Wash Detention Basin dam, we use the available operation data from the nearby Navajo Dam (USDOI 2009 . This is because the Navajo Dam has a similar climate, size, average water level, and maximum storage to the Windmill Wash Detention Basin. The estimated monthly average total water released from the Windmill Wash Detention Basin is then applied as an input to the cells that contain the dam and the reservoir.
Generation of future climate scenarios
As the goal of our study is to develop a cell-based model to simulate future hydrologic conditions, future climate and land-cover scenarios have to be generated. In this research, future climate data in LVR watershed are derived from the California Academy of Sciences downscaled monthly average temperature and monthly total precipitation from 16 different global climate models (GCM) ensemble. The GCMs were described in the latest IPCC report (IPCC 2007 ) and archived at the Working Group on Coupled Modelling (WCRP) Program for Climate Model Diagnosis and Inter-comparison (PCMDI) (Meehl et al. 2007 ). The climate projection for the B1 scenario is used here. The IPCC B1 scenario is based on an optimistic emission storyline that favours efficient use of natural resources, a rapid demographic transition driven by rapid social development, high economic growth, comparatively small increase in energy demand, efficient innovation and implementation of measures to improve energy efficiency, and timely and effective development of nonfossil energy supplies (Nakićenović et al. 2000) . Also, it assumes that governments, businesses, the media, and the public pay increased attention to the environmental and social aspects of development (Nakićenović et al. 2000) . Under the IPCC B1 scenario, GCM projections indicate substantial temperature and precipitation changes from the 2010 baseline (Table 5 ). The general trends of temperature in both winter and summer will be increasing. However, for precipitation, persistent decrease is projected for the years 2030 and 2050, by as much as -66.52% in winter by 2050, while summer precipitation will generally increase. However, the rate of changes will reduce during the 2030 to 2050 period. Based on this GCM projection, the monthly temperature and precipitation data of 2020-2039 are used to predict the 2030 hydrologic conditions, and the corresponding data for 2040-2059 are used to predict the 2050 hydrologic conditions.
Generation of land-cover data and future land-cover scenarios
In order to develop the hydrologic cell-based model and to analyse the hydrologic impacts of land-cover change, land-cover data are needed. However, there is only one set of land-cover data for the modeling period: the 2006 NLCD data. Consequently, in this research, not only the future land-cover scenarios for the horizon years of 2030 and 2050 but also the yearly land-cover data for 2007-2010 are generated. The methodology used follows that of Lambin and Ehrlich (1996) . By combining remote sensing indicators of thermal and reflected radiation, an index ratio is derived to depict the land-cover types. This ratio is obtained from dividing the surface temperature (T s ) by the Normalized Difference Vegetation Index (NDVI). Lambin and Ehrlich suggested that for multi-temporal land-cover classification and landcover change detection, the single spectral index T s / NDVI is appropriate for land-cover projection, as it has proved to be sensitive to continental-scale patterns of land use and land cover. However, the single NDVI is sometimes more discriminating than T s /NDVI for semi-arid biomes (Lambin and Ehrlich 1996) . Because of these results, the land-cover parameterization adopts both T s /NDVI and NDVI to distinguish between different land-cover types. The monthly NDVI data are obtained from the WELD. The future surface temperature data are derived from a regression model between surface temperature and air temperature. This regression uses the 1960-2099 AR4 monthly data from Lamont-Doherty Earth Observatory. The surface skin temperature (y) is related to ambient surface air temperature (T) according to the following equation:
To obtain the ranges for the T s /NDVI and the NDVI indices for different land-cover types, an existing land-cover distribution is needed as a reference. We use the 2006 NCLD data, the most recent available land-cover data for the study area. Thus, the landcover maps of 2007, 2008, 2009, and 2010, as well as 2030 and 2050 , are generated using the particular ranges of T s /NDVI for different vegetation types, the surface temperature, and the relationship between the NDVI and the 2006 NCLD data of the LVR watershed. To reduce the overlap ranges between different land-cover types, both the T s /NDVI and NDVI ranges are used to determine the land-cover types. Based on a sensitivity analysis for the T s /NDVI and NDVI parameters, we have observed that NDVI is more appropriate for distinguishing water (0-0.02) and barren land type (0.02-0.08), because the overlap ranges are less. However, both the T s /NDVI Index and NDVI are used to distinguish forest and shrub/ grassland to reduce the overlapping index range. The partition values between shrub/grassland and forest are 134.99 for the T s /NDVI index and 0.27 for the NDVI.
Once the 2007 to 2010 land-cover data are generated, they are used to develop the cell-based model. The 2030 and 2050 land-cover data are used as future land-cover scenarios and inputs for the validated cellbased model to predict the future hydrologic conditions. Figure 7 shows the general procedure for landcover projections used in this study. The land-cover maps generated for 2007 to 2010 as well as the future land-cover scenarios for 2030 and 2050 for the LVR watershed and the land-cover parameters are shown in Fig. 8 and Table 6 .
RESULTS AND DISCUSSION
Model calibration and validation results
The developed model is calibrated and validated against the observed monthly river discharge data from the USGS stream measurements at gage station USGS 09415250, just upstream of Lake Mead. Both the ratio and the percentage error (Mishra and Singh 2003) between the simulated river discharge results and the observed USGS stream measurement data are used to evaluate the accuracy of the model.
The results show that the cell-based model is capable of simulating the hydrologic conditions in the LVR watershed. For the wet winter period, for instance, the ratio between the simulated results and the observed data for December 2008 is 1.11 and the percentage error is 1.87%. For 2009 December, the ratio and the percentage error are 0.91% and 8.80%, respectively. However, model performance is generally not as good for the dry summer periods. This may be attributed to the convective storms. For July 2007, the ratio is 0.814 and the percentage error is 16.80%. Notwithstanding the relatively higher percentage errors in the summer simulations, the results indicate that the model is appropriate for the simulation of the hydrologic conditions in the LVR watershed.
We also assess the model performance with or without the incorporation of the dam in the model by comparing the simulated river discharges at the outlet of the watershed to the observed USGS data. When the estimated total water released from the Windmill Wash Detention Basin is considered, the model result provides a much better match with the observed discharge values monitored by the USGS gage station. The percentage error decreases substantially. This is especially the case during the dry period, and the percentage error is reduced by almost 23%.
Changes in river discharge in 2030 and 2050
To ascertain the hydrologic impacts of climate and land-cover changes, we use our cell-based model in three different simulations of climate and land-cover changes. The first simulation only accounts for the climate change effects and uses the future 2030 and 2050 climate data, while the 2010 land cover is assumed to be unchanged. The second simulation examines the hydrologic impacts of land-cover change under a constant climatic regime. In this simulation, the model uses the monthly temperature and precipitation data from December 2009 to November 2010, and the projected 2030 and 2050 land-cover data. The third simulation analyses the combined impacts of climate and land-cover changes. This simulation employs both the future climate and land-cover projections in the simulation of future hydrologic conditions.
The model simulation results clearly suggest large changes in river discharge in the future. The projections show different watershed hydrologic responses between summer dry seasons and winter wet seasons, and among the climate and land-cover change scenarios (Tables 7-9) .
Under the IPCC B1 emissions scenario, future temperatures will increase both in summer and in winter. The projected precipitation will increase in summer but decrease in winter (Table 5) . When only future climate change is considered, the projected total discharge of the LVR for the three winter months (December, January and February) is 6.74 and 5. (Table 7 and Fig. 9 ). In summer, except for the month of August, the projected discharge will increase; the rate of increase will decline in the 2030-2050 period when compared to the preceding period of 2010-2030. Furthermore, it is notable that the changes in winter discharge will be more pronounced than those in summer. Also, as shown in Tables 5 and 7 , the precipitation variation in the future is reflected in the LVR discharge.
In contrast, land-cover changes only have minor impacts on LVR discharge. Under the future landcover scenarios, the amount of forest cover will decrease as some forest lands turn into shrubs and grassland (Fig. 8) . With the land-cover conversion, the future river discharge will increase slightly. In 2030, the monthly increase will be about 0.2-1.4%, and in 2050, it will be 0.2-3.2% (Table 8 ). This may be because the reduction in forest cover will reduce its partitioning of rain. As a result, more rain will Hydrologic impacts of land-cover and climate changes 1753 become surface runoff and the flow will increase. But this impact is relatively less than that of climate change. The model results, therefore, reveal that the river discharge in the LVR watershed is more sensitive to precipitation change. When the combined effects of climate and landcover changes are considered in tandem, the amount of river discharge will decrease in winter. The largest decrease may occur in January 2050, as much as 75.4% (Table 9) . Hence, the river will be drier in winter, and the problem of water shortage will be aggravated. However, in the summer dry season, the river discharge will slightly increase in the future. When the simulation results of Table 9 are compared with Tables 7 and 8 , it is evident that the simulated discharge under the combined climate change and land-cover change scenario is very similar to that under climate change. This implies that the impacts of climate change on total surface runoff and river discharge are more prominent than those of land-cover change.
Earlier studies show that vegetation land-cover modifications can affect the intensity of rainfall and surface runoff. Water partitioning by evaporation and transpiration is dependent on the types of land cover and vegetation density. With dense vegetation cover, incident rainfall is intercepted by the plant canopy and redistributed into throughfall and stem flow (Charlier et al. 2009 ). Nie et al. (2011) attest that the changes of urban and grassland are the strongest negative contributors to changes of evapotranspiration and surface runoff for the upper San Pedro watershed. Belnap and Campbell (2011) monitored the changes in water quantity, timing of water supply, and water quality related to forest die-off and other land-cover changes and found that changes in climate and reduction in land cover would further exacerbate the shortage of clean water. Also, in the study of Schoonover et al. (2006) , land-use and land-cover changes were shown to play a crucial role in driving the hydrologic process in watershed hydrology. The flow frequency variables are found to be highly correlated to land cover, and urban development has a strong influence on the hydrologic character of the lower Piedmont watershed.
In this study, land-cover change is found to have some effects on the watershed hydrology. As some of the forests in the LVR watershed change to shrub or other lower density vegetation cover, the amount of surface runoff and stream discharge is projected to increase. However, contrary to other studies, this impact seems to be relatively slight (Table 8 ). This result was initially surprising. A reason for the discordant result may stem from the fact that many of the studies reported in the literature were conducted in urbanizing watersheds. As urbanization progresses, the hydrologic impacts caused by the changes in land cover from vegetated cover to impervious cover can be quite significant, and the impacts on surface flow can be considerable. However, in the LVR watershed, urbanization and sub-urban sprawl are minimal. Consequently, the hydrologic effects of land-cover changes in the LVR watershed are not as pronounced.
However, other studies reveal that climate has greater impact on watershed hydrology than land cover. For example, Öztürk et al. (2013) show that the water budget is less sensitive to changes in forest stand type than to the annual variations in precipitation. Chen et al. (2005) applied the distributed hydrologic model SWAT in the Suomo Basin and found that climate fluctuation is the main cause for the changes in basin runoff. Only about 20% of the runoff change is caused by landcover change. Here, we find that the hydrologic impacts of climate change are more than that of land-cover change; a result which is consistent with these other studies.
Implications for adaptive management and planning
The cell-based hydrologic modeling reveals two findings important to climate change assessment: adaptive management and planning in the semi-arid LVR watershed and water resources management in Lake Mead:
• The LVR discharge to Lake Mead will likely be reduced under the future climate change scenario or under the scenario with both climate and landcover changes. If both climate and land-cover changes occur in concert, then during the winter months (December-January), the reduction is 27.7-72.8% by 2030, and 34.8-75.4% by 2050. From June to July for both 2030 and 2050, the change will be positive. These seasonal changes in river discharge may have profound impacts on water availability in Lake Mead; • the changes in the projected river discharge is primarily the result of precipitation changes projected by the GCM ensembles for the optimistic IPCC B1 emissions scenario; the change in precipitation is directly translated to flow changes in the LVR.
It is noteworthy that the simulation shows that landcover change has a comparatively small effect on LVR discharge even though the land cover is projected to convert from forest cover into shrubs and grasslands. It is likely that the river discharge to Lake Mead will be controlled by future precipitation. In a palaeoclimatological study, Woodhouse et al. (2006) reconstructed historical flow variation in the upper Colorado River at several locations, including one at Lees Ferry, Arizona, approx. 150 km east of the LVR watershed. Their results showed large variability of annual Colorado River flow during the last 500 years. In the latest cycle prior to 1970, the river flow decreased by 80.5% in approx. 40 years. This rate is comparable to the maximum 75.4% reduction in LVR discharge that our cell-based model has simulated under climate change of the next 40 years.
CONCLUSIONS
In this paper, cell-based hydrologic modeling is used to explore river discharge responses to: (a) climate change, (b) land-cover change, and (c) land-cover and climate changes occurring in tandem, by quantitatively computing the water balance within each cell of the watershed. The high spatial resolution for the cells, 500 m × 500 m, makes it possible to examine hydrologic changes under the projected land-cover and precipitation changes in 2030 and 2050. A systematic examination of the watershed response reveals that under the future climate change scenario, there will be a decrease in river discharge into Lake Mead, especially in the winter season. Even under the optimistic emissions scenario B1, the likely changes in flow volume in the LVR is substantial.
Through this analysis, it is clear that future changes in climate and vegetation cover will very likely exacerbate the shortage of clean water, affecting water delivery for agriculture and communities, reservoir operations, energy production, and recreation, causing significant impacts on the area. The results from this study may be useful in devising water resource adaptation plans.
In terms of methodology, the cell-based simulation combines the Thornthwaite water balance model with the SCS-CN method for direct runoff calculations. The approach is based on cell-based water balance computation for the entire watershed. It allows detailed hydrologic characterization and considers the effects of dams.
